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Altay Range
Central Asian Orogenic BeltAs an important part of the Central Asian Orogenic Belt (CAOB), the Altay Range contains large-scale Paleozoic
magmatic rocks. However, owing to the lack of precise age constraints, the tectonic setting and petrogenesis of
the magmatic rocks in this area have been controversial, which has led to the debate on Phanerozoic crustal
growth mechanisms and accretionary orogenic processes in the CAOB. Herein, we report geochronological and
geochemical data of the Suoerkuduke adakitic, andesitic and Nb-enriched basaltic (NEB) lavas in the southern
margin of the southern Altay Range. LA-ICP-MS zircon U–Pb analyses for ﬁve adakitic, andesitic and NEB samples
indicate that they were coevally generated in the Early Silurian (~440 Ma). The adakites and basaltic andesites
are geochemically characterized by high Na2O/K2O, Sr/Y, Al2O3, Sr, εNd(t) and zircon εHf(t) values and relatively
low (87Sr/86Sr)i ratios. TheNEBs are sodium-rich andhave higher TiO2, P2O5, Zr, Nb, andNb/U values than those of
typical arc basalts. They also have positive εNd(t) values and positive and variable zircon εHf(t) values.We suggest
that the Suoerkuduke adakites were derived by a partial melting of the subducted oceanic crust with minor
overlying sediments, and the continuous compositional variations between adakites and basaltic andesites
conﬁrm that the interaction between slabmelts andmantle peridotite played an important role in the formation
of basaltic andesites. The associated NEBs were possibly generated by a partial melting of mantle wedge
peridotites metasomatized by slab-derived adakitic melts and minor ﬂuids. In combination with the occurrence
of voluminous Silurian–Devonian granitoids, coeval ophiolite mélanges, and a series of intra-arc basins, a slab
window model triggered by slab tearing is proposed to account for the formation of the Suoerkuduke adakite–
basaltic andesite–NEB suites. The upwelling of the asthenospheric mantle through the slab window probably
caused signiﬁcant extension in the overlying lithosphere; extensive melting of the subducted oceanic crust,
mantle and juvenile lower crust; and intense interaction between slab-derived melts or ﬂuids and the mantle
wedge. Slab tearing and subsequent asthenospheric upwelling possibly played an important role in the crustal
growth of the CAOB during the Phanerozoic.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The Central Asian Orogenic Belt (CAOB) (Fig. 1a) is one of the most
remarkable sites of juvenile crustal growth in the world during the
Phanerozoic (Jahn et al., 2000; Sengör et al., 1993; Windley et al.,
2007; Xiao et al., 2009). However, themechanism responsible for conti-
nental crustal growth in the CAOB has long been the subject of debates.
Sengör et al. (1993) hypothesized that nearly half of the giant CAOBwas
derived from the mantle by successive subduction accretion and arc
collision during the Paleozoic. Conversely, many researchers suggestthat the formation of Phanerozoic granitoids with positive εNd values
in the CAOB was related to basalt underplating in a post-collisional or
an intraplate extensional setting (Chen and Jahn, 2004; Han et al.,
1997; Jahn et al., 2000). Jahn et al. (2004) argued that the aforemen-
tioned two processes probably played equally important roles in the
Phanerozoic crustal growth in the CAOB. More recently, some studies
indicate that Late Paleozoic mantle plume activity (Zhang et al., 2014)
and spreading ridge subduction (Cai et al., 2011a; Sun et al., 2009;
Tang et al., 2012; Windley et al., 2007) also played an important role
in the crustal growth in the CAOB.
As an important part of the CAOB, the southern Altay Range mainly
consists of large-scale volcanic rocks, granitoids, metamorphic rocks,
sedimentary sequences, and blocks of ophiolites. However, the tectonic
Fig. 1. (a) Location of the study area in the Central Asian Orogenic Belt (modiﬁed from Jahn et al., 2000; Sengör et al., 1993). (b) Geologicalmap of the southernAltay Range (modiﬁed from
Wang et al., 2009;Windley et al., 2002). Ages shown for granitoids are from Cai et al. (2011b),Wang et al. (2009) and references therein. Ages shown for volcanic rocks are from Chai et al.
(2009), Zeng et al. (2007), Zhang et al. (2009) and Zhou et al. (2007). Ages shown for ophiolites are from Niu et al. (2006), Wong et al. (2010), Xiao et al. (2008) and references therein.
Ages for the Keketuohai gabbro and the Habahe maﬁc dyke are from Wang et al. (2006) and Wong et al. (2010), respectively. A denotes Altayshan Block; NWA denotes northwest
Altayshan Block; CA denotes central Altayshan Block; QA denotes Qiongkuer–Abagong Block; E denotes Erqis Block; S denotes Shaerbulake Block.
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Paleozoic have been controversial, e.g., its tectonic setting during the
Early Paleozoic has been variously envisaged as a passive continent
margin (Li and Poliyangsiji, 2001), a Precambrian micro-continent
(BGMRX, 1993; Hu et al., 2000),an accretionary complex (Sengör and
Natal'in, 1996), a post-collisional setting (Li et al., 2010), and an active
continental margin (Long et al., 2007, 2012; Sun et al., 2008; Wang
et al., 2006;Windley et al., 2002; Yuan et al., 2007). Each of thesemodels
has signiﬁcantly different implications for both accretionary orogenic
processes and crustal growth.
Widespread occurrences of Paleozoic volcanic rocks and granitoids
in the southern Altay Range offer an excellent opportunity to examine
the tectonic setting and mechanisms of crustal growth in the CAOB.
However, the tectonic setting and petrogenesis of the magmatic rocks
remain a controversial issue in the region due to the lack of precise
age constraints. Recently, we investigated the volcanic rocks in the
Suoerkuduke area of the southern Altay Range (Fig. 1b), which weretraditionally considered to have erupted in the Devonian. Our new
data show, however, that these volcanic rocks erupted in the Early
Silurian rather than the Devonian, and they contain adakites, basaltic
andesites and Nb-enriched basaltic (NEB) rocks. In this study, we pres-
ent detailed zircon U–Pb age, major and trace element, and Sr–Nd–Hf
isotope data for the adakite–basaltic andesite–NEB suites. We suggest
that the formation of these suites was possibly related to the partial
melting of subducted oceanic crust in the Early Silurian, which may be
the earliest case for slab melting in the CAOB, and thus has important
implications for tectonic evolution and crustal growth of the CAOB.
2. Geological setting and characteristics of the Suoerkuduke
volcanic rocks
The Altay Range is geographically located along the border regions
between Russia and Kazakhstan to the west and western China and
western Mongolia to the east. Tectonically, the range lies in the central
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Plate (Fig. 1a). The southern Altay Range of the northern Xinjiang
Province (northwest China) is located to the northeast of the Junggar
Basin. Based on stratigraphy data and metamorphism or deformation
history, the region has been divided into six fault-bound blocks
(Fig. 1b) (Windley et al., 2002; Xiao et al., 2004).
The Altayshan Block (Block A) predominantly consists of Middle
Devonian to Early Carboniferous metasediments (shale, siltstone,
greywacke, sandstone, limestone) and someminor volcanic rocksmeta-
morphosed at the low greenschist facies condition (Xiao et al., 2004).
Early Silurian to Early Devonian granitoids occur in this block.
The northwest Altayshan Block (Block NWA) and the central
Altayshan Block (Block CA) are located in the central part of the
southern Altay Range. They mainly contain metasedimentary rocks,
gneissic rocks and granitic plutons (Fig. 1b). The metasedimentary
rocks include a thick slate–phyllite–schist sequence, named the Habahe
Group, whose protoliths are ﬁne-grained sandstones, siltstones and
mudstones with ﬂysch rhythm (BGMRX, 1993; Long et al., 2012). The
gneisses are interpreted as a high-grade metamorphic equivalent of
the Habahe Group (Li and Poliyangsiji, 2001). The U–Pb ages of many
magmatic zircons retrieved from both gneissic rocks (paragneisses
and gneissic granitoids) and metasedimentary rocks in this area
indicate that magmatic activity prevailed from 440 to 540 Ma (Briggs
et al., 2007; Long et al., 2007; Sun et al., 2008;Wang et al., 2006). Zircon
U–Pb chronological and Hf isotopic data of the gneissic rocks and
metasedimentary rocks suggest that they were formed in an active
continental margin setting between the mid-Ordovician and Early
Devonian (Long et al., 2007; Sun et al., 2008). In this region, many
granitoids, consisting of biotite granites, two-mica granites and granodi-
orites, are metaluminous or peraluminous and calc-alkaline. Zircon
U–Pb age data indicate that these granitoids emplaced mainly in the
Devonian and to a lesser degree in the Middle to Late Silurian (Cai
et al., 2011b,c; Sun et al., 2009; Wang et al., 2009; Yuan et al., 2007).
In addition, ~500 Ma felsic lavas in the Keketuohai area are interpreted
as the oldest arc volcanic rocks in the southern Altay Range (Windley
et al., 2002).
The Qiongkuer–Abagong Block (Block QA) consists of Late Silurian–
Early Devonian volcaniclastic rocks overlain by Middle Devonian
turbiditic sandstones, pillow basalts and some siliceous volcanic rocks
(Windley et al., 2002; Xiao et al., 2004). There are four Early Paleozoic
volcano-sedimentary basins (Ashele, Chonghuer, Kelang and Mazi
basins) that are bounded by NW-trending faults in this block (Fig. 1b).
Zircon U–Pb dating indicates that the volcanic rocks in these basins
erupted between 436 and 401 Ma, suggesting that the four volcano-
sedimentary basins were coevally formed after the Early Silurian
(Chai et al., 2009; Zeng et al., 2007). Granitoids in this block were
generated mainly in the Devonian (Cai et al., 2011c; Sun et al., 2009;
Yuan et al., 2007; Zeng et al., 2007) and to a lesser degree in the Late
Carboniferous–Permian (Wang et al., 2009; Yuan et al., 2007). Middle
Devonian (~372 Ma) Kuerti ophiolites are present in the central part
of this block (Xu et al., 2003). In addition, an Early-Silurian ophiolite
suite (i.e., the Alegedayi ophiolite) was newly found in the northwest-
ern part of this region (Wong et al., 2010) (Fig. 1b).
The Erqis Block (Block E) contains Devonian–Late Carboniferous
meta-volcaniclastic rocks and some gneisses. The gneisses were previ-
ously considered to be part of a Precambrian basement, but were
recently proved to be of the Late Ordovician–Devonian arc-related
intrusions deformed by the thrusting in the Permian (Briggs et al.,
2007). The granitic plutons or acidic dyke swarms in the fault zone
mainly emplaced in the Early-Permian (Briggs et al., 2007; Wang
et al., 2009). The Qiaoxiahala and Qinghe ophiolites distribute along
the Erqis fault zone (Fig. 1b). The Qinghe ophiolite has zircon SHRIMP
U–Pb age of 352 ± 4Ma (Xiao et al., 2008), whichmay be the youngest
among all of the ophiolites in southern Altay.
The Shaerbulake Block (Block S) comprises boninites, adakites,
basalts, andesitic basalts, cherts, and gabbros (BGMRX, 1993). Someadakites and NEBs occur in the Tuoranggekuduke Formation, which
was traditionally considered the Early Devonian stratum (Niu et al.,
2006; Zhang et al., 2005), whereas some boninites and picrites were
found in the Middle Devonian Beitashan Formation (Niu et al., 2006).
In addition, within the Tuoranggekuduke Formation to the south of
the Jiabosaer area, many blocks of fossiliferous limestones were consid-
ered to have formed in the Ordovician (BGMRX, 1993; Windley et al.,
2002) (Fig. 2). Massive and pillow basalts, adakites, and boninites, im-
bricated with Ordovician–Silurian radiolarian chert, Silurian–Devonian
turbidite and Devonian–Carboniferous arc volcanic rocks, suggest an
arc–forearc setting (Xiao et al., 2008). The granitoids in this block
were emplaced in the Middle Devonian to Early Permian with the
majority in the Late Carboniferous to Early Permian (Wang et al.,
2009). On the southern margin of this block, the Kekesentao–Armantai
ophiolite belt has an age of 503 ± 7 Ma, which is the oldest among all
ophiolites in the southern Altay Range (Wang et al., 2003; Xiao et al.,
2009). This ophiolite belt has been interpreted as an ancient oceanic
crust of the Junggar Ocean (Long et al., 2012; Xiao et al., 2009).
The Suoerkuduke area is located in Block S (Fig. 1b). In this area, the
strata mainly consist of Late Ordovician to Early Carboniferous marine
volcanic-sedimentary and Late Carboniferous continental volcanic-
sedimentary rocks (Fig. 2) (BGMRX, 1993; Zhang et al., 2009). These
strata have been isoclinally folded with steep axial planes and weakly
metamorphosed under low greenschist facies conditions (BGMRX,
1993) (Fig. 2). The Suoerkuduke adakites, basaltic andesites and associ-
ated NEBs occur in the Tuoranggekuduke Formation, which is located in
the central part of Block S, with an approximate 5 to 15 km width and
150 km length parallel to the regional tectonic lineaments (Fig. 1b).
The Tuoranggekuduke Formation consists of four volcanic cycles from
the bottom to the top: (i) basalt lavas, volcanic tuff breccias, volcanic
agglomerates, and ferruginous silicalites; (ii) tuffs, andesites and
dacites; (iii) crystal tuffs, tufﬁc breccias, and basalts; and (iv) tuffs,
basalts, andesites and dacites. The stratigraphic column of the
Tuoranggekuduke Formation and the sampling locations are presented
in Fig. 2. The detailed petrographic characteristics of the volcanic rock
samples are in Appendix 1.
3. Results
Analytical methods used for the analyses of whole-rock major
and trace element abundances and Sr–Nd isotope compositions, zircon
U–Pb ages and Lu–Hf isotope compositions are presented in Appendix
2, and related international reference samples and replicate samples
are listed in Appendix 3.
3.1. Deﬁnition
Adakites are characterized by high SiO2 (N56 wt.%), Al2O3
(N15 wt.%), high Cr, Ni and Na contents, with high Sr (N400 ppm) and
extremely low, heavy, rare earth element (HREE) contents (e.g., Yb b
1.8 ppm, Y b 18 ppm) (Defant et al., 1992; Martin et al., 2005). Magne-
sian andesites (MAs) are distinguished from normal orogenic andesites
by high Mg# (100 × MgO / (Mg + FeOtotal)) (N55), Ni and Cr contents
that consist of several types of andesitic rocks with unique geochemical
characteristics, e.g., boninite, bajaite and sanukitoids (Mccarron and
Smellie, 1998; Yogodzinski et al., 1995). Nb-enriched basalts (NEBs)
and/or high-Nb basalts (HNBs) are commonly associated with adakites
andMAs (Castillo, 2008; Defant et al., 1992; Escuder Viruete et al., 2007;
Sajona et al., 1996). However, NEBs and HNBs have not been clearly
deﬁned in the literature. Synthetically, NEBs have high Nb contents
(6 to 20 ppm) (Castillo, 2008; Polat and Kerrich, 2001; Sajona et al.,
1996) that are considerably greater than typical intra-oceanic arc
basalts (Nb b 2 ppm) (Martin et al., 2005). HNBs are more enriched in
large ion lithophile elements (LILEs), light rare earth elements (LREEs)
and high ﬁeld strength elements (HFSEs) (Nb N 20 ppm) than NEBs,
although they still demonstrate either slightly negative or positive Nb
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2008; Defant et al., 1992; Hastie et al., 2011; Sajona et al., 1996).
3.2. Major and trace element compositions
3.2.1. Adakites
The Suoerkuduke adakite samples are low-K tholeiitic andmedium-
K calc-alkaline andesites and dacites (Fig. 3). They have intermediate
compositions and are characterized by fractionated REE patterns with
slightly concave middle REE patterns (Fig. 4a), negative Nb, Ta and Ti
anomalies, and prominent positive Sr anomalies (Fig. 4b). All of the
samples are characterized by high Al2O3 (the majority being above
16.0 wt.%), Na2O and Sr contents (Table 1), negligible to slightly positive
Eu anomalies, and low HREE and Y contents (Table 1 and Fig. 4a). All
samples also have high Na2O/K2O, Sr/Y and La/Yb ratios (Figs. 4a and
5a), which are diagnostic features of adakitic lavas in the Cenozoic arc
settings (Defant and Drummond, 1990; Kay et al., 1993). All samples
plot in the ﬁeld of adakites on a Sr/Y versus Y diagram and in the ﬁeld
of high-SiO2 adakites (Fig. 5a and Appendix 4).
3.2.2. Basaltic andesites
The Suoerkuduke basaltic andesite samples contain intermediate
SiO2, TiO2 and relatively high Al2O3 (Fig. 3), thus indicating a composi-
tion consistent with typical intermediate rocks. They exhibit slightly
higher MgO and Mg# (49–58) values (Fig. 5b and c) than those of the
adakite samples, and three samples are similar to typical magnesian
andesites (Polat and Kerrich, 2002). All samples are sodium-rich, with
high Na2O/K2O ratios (Table 1). In the SiO2 versus K2O diagram, the
samples exhibit low-K tholeiitic to medium-K calc-alkaline characteris-
tics (Fig. 3b). Furthermore, they possess relatively high Cr, Co and Ni
contents (Table 1), which is consistent with their slightly higher Mg#
values than those of the adakite samples (Fig. 5c). They also have high
Sr, variable Ba, slightly low Yb and Y contents (Fig. 4a and b) and are
characterized by relatively high Sr/Y (21–117) (Table 1 and Fig. 5a).
Compared with the adakite samples, the basaltic andesite samples
have less-fractionated REE patterns and slightly higher HREE contents(Fig. 4a), they are relatively Rb-poor, and they display more positive
Sr anomalies than the adakite samples (Fig. 4b).3.2.3. Nb-enriched basaltic rocks
The NEBs in the Suoerkuduke area plot close to the boundary ﬁeld
of alkaline–subalkaline magmatic rocks in the diagram of Na2O + K2O
versus SiO2 (Fig. 3a) (Irvine and Baragar, 1971; Le Bas et al., 1986).
They are sodium-rich (Table 1) and mainly middle- to high-K calc-
alkaline (Fig. 3b). They have high TiO2, P2O5 (Figs. 3c and 6a), Nb and
Zr contents and Nb/U (11.7–30.2) ratios, which are different from
those of typical arc basalts (Table 1 and Fig. 6). Although some basalt
samples have slightly higher Nb (N20 ppm) contents, they exhibit
moderately negative Nb, Ta and Ti anomalies on primitive mantle-
normalized trace element diagrams (Fig. 4d). These geochemical char-
acteristics of the basalt samples are quite similar to those of the NEBs
described by Aguillón-Robles et al. (2001) and Sajona et al. (1996). In
addition, all of the samples exhibit high total REE contents with moder-
ately enriched LREE patterns (average (La/Yb)N = 6.4) and are clearly
richer in HREE content than those of the average OIB, though they are
parallel to those of the Andean arc magmatic rocks (Fig. 4c).3.3. Nd–Sr isotopic compositions
The NEBs have high positive εNd(t) values ranging from +5.4 to
+8.4 and low (87Sr/86Sr)i ratios varying from 0.7038 to 0.7045, both
of which are similar to those of MORB and the basalts from the Middle
Cambrian Aermantai ophiolites (Table 2 and Fig. 7a). The adakites
have slightly lower εNd(t) values but higher (87Sr/86Sr)i ratios than
those of the NEBs and the basalts from the Aermantai and Kuerti
ophiolites (Table 2 and Fig. 7a–b). The basaltic andesites have slightly
lower εNd(t) values than those of the adakites. However, as a whole,
the adakites and basaltic andesites have relatively higher εNd(t) than
those of the Early Paleozoic granitoids in the southern Altay Range
(Fig. 7a–b).
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One sample for the adakites, one sample for the basaltic andesites
and three samples for the NEBs in the Suoerkuduke area were analyzed.
The results of the LA-ICP-MS zircon analyses are listed in Appendix 5,and the U–Pb concordia plots of analyzed zircons and detailed geochro-
nological descriptions are presented in Appendix 6.
All zirconswith an age of ~440Ma exhibit oscillatory growth zoning
and have high Th/U ratios (0.11–1.46) (Appendices 5 and 6), suggesting
an igneous origin. Adakite sample 08FY-05 and basaltic andesite sample
A01-2 yield 206Pb/238U ages of 446±3Maand 441±5Ma, respectively,
and the three NEB samples (08FY-01, 08FY-02 and 08FY-03) yield
206Pb/238U ages of 441 ± 7 Ma, 438 ± 6 Ma and 439 ± 10 Ma, respec-
tively. Therefore, ~440 Ma represents the eruption age of the
Suoerkuduke adakites, basaltic andesites and NEBs. The ﬁve zircon
grains have Proterozoic–Archean (576–2867Ma) ages, which lie within
the age range of the detrital zircons from the sedimentary rocks (Long
et al., 2007) and the paragneisses (Sun et al., 2008) in the southern
Altay Range may be xenocrysts captured during magma ascent.
3.5. Zircon Lu–Hf isotopic compositions
The Suoerkuduke NEB sample (08FY-02) has positive zircon
εHf(t) values and young TDM(Hf) ages (376–887 Ma) except for two
analytical spots that exhibit low εHf(t) values and old TDM(Hf) ages
(978–1033 Ma) (Appendix 7 and Fig. 7c). The highest zircon εHf(t)
value from this sample approaches the depleted mantle evolution line
(Fig. 7c). The adakite sample (08FY-05) has high and positive
εHf(t) values (average +14.7) and young TDM(Hf) model ages ranging
from 359 Ma to 630 Ma (average 474 Ma) (Appendix 7 and Fig. 7c).
Most of the zircon εHf(t) values of the adakite sample approach the
depleted mantle evolution line (Fig. 7c). The basaltic andesite sample
(A01–2) exhibits high positive εHf(t) values and young TDM(Hf) model
ages ranging from 299 Ma to 570 Ma (average 419 Ma) (Appendix 7
and Fig. 7c). Most of the zircon εHf(t) values of the basaltic andesite
sample approach the depleted mantle evolution line (Fig. 7c). The
εHf(t) values of zircons from theNEB, adakite, and basaltic andesite sam-
ples overlap those of contemporaneous zircons from the granitoids,
gneisses and clastic rocks of the southern Altay Range (Fig. 7c) (Long
et al., 2007; Sun et al., 2008, 2009).
4. Discussion
4.1. Petrogenesis
4.1.1. Adakites
Various petrogenetic mechanisms have been proposed to account
for the origin of adakitic rocks, including: (1) a partial melting of
the subducted oceanic crust (Model A) (Defant and Drummond, 1990;
Kay et al., 1993; Stern and Kilian, 1996; Wang et al., 2007b;
Yogodzinski et al., 1995); (2) a partial melting of the thickened basaltic
lower crust (Model B) (Atherton and Petford, 1993; Wang et al., 2005);
(3) a partialmelting of the delaminated lower crust (Model C) (Kay and
Kay, 1993;Wang et al., 2007a; Xu et al., 2002); and (4) crustal assimila-
tion and fractional crystallization (AFC) processes caused by parental
basaltic magmas (Model D) (Macpherson et al., 2006; Petrone and
Ferrari, 2008; Richards and Kerrich, 2007). Based on both geological
and geochemical evidence, we suggest that though Models B to D
could not account for the petrogenesis of the Suoerkuduke adakites in
the southern Altay Range, Model A provides a plausible explanation.
The Suoerkuduke adakites show high MgO (1.70–3.44 wt.%; Mg#=
39–54), Cr (15–147 ppm) and Ni (15–68 ppm) contents (Table 1), thus
indicating that theywere not generated by a partialmelting of the thick-
ened basaltic lower crust (Model B). In general, natural adakitic rocks
derived from the thickened lower crust have relatively low MgO
(Fig. 5b and c), Cr and Ni contents due to the lack of interaction with
the mantle source (Atherton and Petford, 1993; Wang et al., 2005,
2007a). Experimental melts derived from metabasaltic rocks and
eclogites at high pressure (1–4.0 GPa) are characterized by a low Mg#
(b40) regardless of the degree of melting (Rapp et al., 1999). Moreover,
the Suoerkuduke adakitic rocks have much higher εNd(t) values and
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239X.-M. Shen et al. / Lithos 206–207 (2014) 234–251lower (87Sr/86Sr)i ratios than those of the Proterozoic crust in Northern
Xinjiang and higher εNd(t) values than those of contemporaneous
granitoids in the southern Altay Range, which also suggest that they
were not generated by Model B (Fig. 7a–b).
Adakitic rocks derived by the partial melting of the delaminated
lower crust (Model C) resemble adakites generated by slab melting in
many respects (e.g., high MgO or Mg#) (Xu et al., 2002). It is notable
that delamination generally occurs in a within-plate extensional or
post-collisional setting (Kay and Kay, 1993; Wang et al., 2007a).
However, there is no record of continental collision or widespread
within-plate relatedmagmatic rocks in the Early Paleozoic in the south-
ern Altay Range. Instead, it is widely believed that there was still arc
setting in the Early Paleozoic in the southern margin of Altay Range
based on studies of ophiolites, arc-related igneous rocks and strata
(Xiao et al., 2009) and that the crust experienced only limited thicken-
ing, hence making it difﬁcult to generate the Suoerkuduke adakites by
Model C.
Furthermore, the Suoerkuduke adakites could not be generated by
assimilation-fractional crystallization (AFC) processes involving coeval
basalticmagmas (Model D) asmost of the Suoerkuduke samples display
higher Mg# values (Fig. 5c), relatively higher Al2O3, Cr, Ni and Sr
contents (Table 1 and Fig. 8), and lower K2O and LREE contents
(Figs. 3b and 4a and c) than those of the coeval Suoerkuduke NEBs, a
characteristic that is inconsistent with the composition trend formed
by fractional crystallization. In addition, the Suoerkuduke adakitic
rocks have εNd(t) values correlating positively with SiO2 contents
and Th/Nb ratios, but negatively with Mg# values (Fig. 9a–c). Although
the crust in the studied area comprises a higher proportion of juvenile
material as indicated by the simultaneous crust-derived granites
(Figs. 7a–b and 9) (Wang et al., 2009), it has signiﬁcantly lower
εNd(t) values than those of the Suoerkuduke adakites in the Early
Paleozoic. Crustal assimilation processes could not cause suchcomposition trends in εNd(t) versus SiO2 and Th/Nb diagrams
(Fig. 9a–c). Furthermore, the extremely high εHf(t) values (+10.9
to+17.5) of the Suoerkuduke adakites also argue against crustal assim-
ilation (Fig. 7c).
We suggest that the Suoerkuduke adakitic rocksweremost probably
generated by the partial melting of the subducted oceanic crust
(Model A) based on the following evidence:
(1) The Suoerkuduke adakites are geochemically similar to slab-
derived adakites. They are low- to medium-K calc-alkaline and
have relatively low K2O and Th contents (Figs. 3b and 8h),
which is similar to adakites formed by a partial melting of the
subducted young and hot oceanic crust in the Cenozoic arcs
surrounding the Paciﬁc Ocean (Defant and Drummond, 1990;
Kay et al., 1993; Stern and Kilian, 1996). They also have high
MgO, Mg#, Cr and Ni values that are similar to those of
metabasaltic rock and eclogite-derived melts hybridized by the
variable assimilation of 5 to 10% peridotite (Fig. 5b–c). Moreover,
all of the Suoerkuduke adakitic rock samples plot in the ﬁeld of
the high-SiO2-adakites derived by the interaction between slab-
derived melts and mantle peridotites (Martin et al., 2005)
(Appendix 4). Therefore, we suggest that the Suoerkuduke
adakitic magmas likely represent subducted slab-melts that
have reacted with peridotite during their ascent through the
mantle wedge (Martin et al., 2005; Rapp et al., 1999; Stern and
Kilian, 1996).
In the La/Yb–La diagram (Fig. 9e), magmatic rocks derived by partial
melting and fractional crystallization generally show different composi-
tion trends (Wang et al., 2007a). The Suoerkuduke adakite samples
display a trend consistent with a partial melting process (Fig. 9e). The
marked depletion of HREE and Y contents, the positive Sr and the negli-
gible to positive Eu anomalies of the Suoerkuduke adakites suggest that
Table 1
Major oxides (wt.%) and trace element (ppm) compositions of the Suoerkuduke adakites, basaltic andesites and Nb-enriched basaltic rocks in the southern Altay Range.
Sample A04-2* A05-1* FY-25* FY-26* 08FY-01 08FY-02 08FY-03 A01-2* A03-2* A06-3* FY-28 FY-30 FY-72 FY-75 FY-84 FY-89 A10-2* FY-01* FY-12* FY-53* FY-63* FY-10 FY-56 08FY-05
Rock Nb-enriched basaltic rocks Basaltic andesites Adakite
SiO2 50.20 50.29 48.91 47.64 51.02 50.67 50.91 54.55 55.83 54.90 52.85 53.54 55.90 53.95 52.21 53.21 57.22 62.47 61.79 58.05 56.64 59.59 59.42 63.24
TiO2 2.99 3.01 3.07 3.49 3.01 3.09 3.04 0.75 0.99 0.78 0.67 0.89 1.18 1.13 1.16 1.18 0.67 0.59 0.58 0.69 0.81 0.51 0.61 0.64
Al2O3 13.91 13.77 14.29 15.17 13.80 13.99 13.82 18.05 15.10 16.10 16.90 17.75 16.53 16.66 16.24 16.74 17.48 16.56 16.48 17.84 18.26 16.84 17.59 13.03
Fe2O3T 12.37 12.49 13.94 12.50 12.13 12.32 12.20 8.41 10.99 9.15 10.11 8.67 11.08 10.56 9.89 10.80 7.79 5.24 5.12 6.10 6.84 6.22 6.35 9.07
MnO 0.23 0.23 0.21 0.17 0.19 0.20 0.19 0.14 0.16 0.16 0.18 0.16 0.16 0.17 0.18 0.18 0.12 0.07 0.07 0.10 0.11 0.06 0.09 0.11
MgO 4.12 4.31 3.81 4.06 4.01 3.95 4.05 3.85 4.95 4.94 6.07 4.99 4.14 4.31 4.15 4.38 3.04 1.70 1.76 3.01 3.44 2.35 3.21 2.50
CaO 6.95 6.80 6.85 6.67 5.97 6.69 6.00 4.95 4.11 4.67 5.62 6.36 4.15 7.67 7.96 8.08 6.29 4.39 4.36 4.80 5.46 7.80 2.43 4.51
Na2O 3.35 3.36 3.77 3.98 3.65 3.63 3.46 4.79 3.94 5.18 5.14 4.51 5.32 3.94 4.06 3.63 4.42 4.99 4.31 4.96 4.16 3.67 6.43 2.42
K2O 2.31 2.37 0.76 0.77 1.93 0.66 2.07 1.63 1.28 1.09 0.41 1.12 0.32 0.68 0.26 0.55 1.07 1.09 1.08 1.10 0.83 0.40 0.56 1.87
P2O5 1.55 1.56 1.45 1.09 1.44 1.45 1.43 0.22 0.16 0.25 0.33 0.29 0.30 0.27 0.37 0.36 0.23 0.21 0.21 0.26 0.26 0.14 0.16 0.20
LOI 2.05 2.31 3.61 3.85 2.35 2.87 2.32 2.17 2.60 2.79 2.65 2.20 1.80 1.31 3.86 1.56 2.32 2.65 3.87 3.12 3.50 3.14 3.26 1.78
Total 100.03 100.50 100.68 99.41 99.50 99.52 99.49 99.51 100.11 100.01 100.93 100.50 100.87 100.66 100.34 100.66 100.65 99.95 99.65 100.04 100.31 100.71 100.11 99.37
Na2O/K2O 1.45 1.42 4.94 5.20 1.89 5.49 1.67 2.94 3.08 4.75 12.40 4.04 16.68 5.79 15.39 6.66 4.13 4.59 3.99 4.50 5.00 9.17 11.52 1.29
Mg# 44 45 39 43 44 43 44 52 51 56 58 57 47 49 49 49 48 43 44 54 54 47 54 39
Sc 30.5 30.7 29.8 23.8 32.0 31.3 33.1 24.1 29.7 22.4 27.8 30.6 24.3 26.4 20.2 23.4 26.2 8.3 23.4 9.90 11.0 12.1 11.7 17.9
V 196 198 204 142 202 198 205 211 257 200 227 225 230 226 212 223 204 78 152 100 117 107 103 230
Cr 11.4 11.9 13.7 26.1 34.0 31.4 30.2 28.8 102 61.9 127.8 45.9 57.0 52.1 18.6 35.8 31.7 17.8 54.7 20.9 23.6 83.8 15.3 147
Co 21.1 21.8 21.2 35.4 21.2 21.6 20.9 22.9 33.5 25.5 25.4 28.6 26.1 25.2 23.4 26.4 17.4 13.4 20.3 19.1 21.1 19.9 16.9 17.9
Ni 8.00 8.30 9.10 30.5 8.80 8.70 8.70 12.3 28.7 22.5 31.1 21.1 23.5 22.6 12.2 21.8 15.3 16.8 27.7 24.8 28.6 67.8 22.9 21.8
Ga 20.7 20.3 21.4 21.1 21.1 21.3 21.1 20.5 16.0 15.8 15.2 20.0 18.9 19.6 19.3 19.9 16.9 15.5 18.9 17.5 17.6 14.7 16.2 17.1
Rb 22.0 26.5 10.2 7.60 16.4 5.80 17.2 25.5 18.8 16.3 5.7 14.4 6.60 12.3 3.70 7.70 13.4 25.1 24.8 19.5 13.2 10.1 8.90 27.0
Sr 695 685 826 631 690 829 726 1813 1050 503 883 879 405 721 633 723 720 437 1074 923 987 599 1100 580
Y 63.6 63.6 53.9 43.2 56.4 51.5 54.9 15.6 13.8 17.6 17.0 18.4 19.1 19.8 21.1 19.9 18.0 10.6 13.6 10.1 10.6 8.00 9.80 14.1
Zr 347 342 335 381 431 409 424 97 79 94 127 95 117 107 120 124 82 125 88 113 100 89 98 80
Nb 20.9 20.9 19.3 17.7 18.5 18.6 18.1 3.53 3.05 5.14 5.65 3.86 7.81 7.48 9.20 8.70 3.54 11.8 2.70 12.4 10.8 3.99 6.05 2.75
Ba 634 615 1139 408 1238 425 1060 784 551 507 379 506 111 251 245 283 688 604 646 493 377 444 191 1126
La 45.8 45.7 46.5 31.4 42.8 43.2 45.0 15.5 13.8 17.9 16.1 14.6 18.3 18.8 18.6 22.1 14.3 19.8 15.2 17.7 15.0 9.70 14.0 17.5
Ce 106 107 108 62.0 102 103 105 32.3 28.7 36.9 41.6 31.5 38.8 39.7 42.1 45.6 29.4 35.8 30.0 33.4 30.5 17.9 25.3 36.4
Pr 15.5 15.4 15.4 10.3 13.9 14.1 14.6 4.43 3.98 4.76 5.98 4.31 5.19 5.34 5.71 6.08 3.87 4.00 4.02 3.85 3.58 2.14 3.04 4.37
Nd 69.1 68.1 68.3 42.3 62.2 61.5 65.1 19.1 17.4 20.2 26.2 18.0 22.3 22.8 24.7 26.1 16.8 14.2 15.9 13.8 13.3 8.7 11.8 17.8
Sm 14.4 14.0 13.9 9.40 13.4 12.7 13.5 3.99 3.67 4.28 5.45 4.07 4.63 4.86 5.39 5.36 3.51 2.57 3.28 2.54 2.59 1.77 2.31 3.72
Eu 4.30 4.19 4.11 3.01 4.06 3.92 4.12 1.17 1.06 1.25 1.58 1.25 1.43 1.45 1.51 1.57 1.02 0.760 0.960 0.850 0.890 0.610 0.790 1.14
Gd 14.2 14.1 13.2 8.78 12.7 12.1 13.0 3.68 3.39 4.19 4.50 3.61 4.30 4.56 4.88 4.67 3.57 2.18 2.96 2.17 2.30 1.75 2.16 3.36
Tb 2.08 2.04 2.05 1.40 1.91 1.85 1.98 0.521 0.476 0.592 0.655 0.546 0.692 0.715 0.765 0.747 0.510 0.312 0.425 0.329 0.327 0.271 0.347 0.470
Dy 11.2 11.0 11.1 8.00 10.4 10.3 10.8 2.99 2.68 3.40 3.31 3.38 3.72 3.85 4.19 3.87 2.87 1.87 2.35 1.81 1.94 1.47 1.90 2.73
Ho 2.14 2.11 2.06 1.57 2.06 2.04 2.14 0.587 0.529 0.665 0.614 0.652 0.724 0.756 0.800 0.739 0.590 0.359 0.462 0.353 0.387 0.287 0.372 0.529
Er 5.76 5.75 5.57 4.34 5.47 5.34 5.81 1.58 1.37 1.76 1.74 1.88 2.07 2.13 2.26 2.06 1.73 1.09 1.32 1.01 1.05 0.78 1.03 1.50
Tm 0.821 0.832 0.799 0.620 0.766 0.761 0.796 0.249 0.213 0.277 0.257 0.262 0.318 0.324 0.334 0.313 0.266 0.159 0.179 0.137 0.142 0.122 0.155 0.232
Yb 5.17 5.14 4.92 3.88 4.63 4.78 4.99 1.65 1.37 1.86 1.71 1.77 2.07 2.10 2.23 1.94 1.70 1.04 1.21 0.932 0.931 0.820 1.06 1.58
Lu 0.812 0.810 0.792 0.595 0.689 0.729 0.706 0.274 0.208 0.293 0.283 0.265 0.336 0.342 0.361 0.321 0.273 0.158 0.179 0.134 0.133 0.129 0.179 0.256
Hf 7.11 7.10 7.44 8.38 6.66 6.83 6.98 2.84 2.37 2.67 4.09 2.59 3.41 3.21 3.33 3.43 2.19 2.91 2.35 2.64 2.35 2.04 2.79 2.27
Ta 1.09 1.08 1.15 1.06 1.08 1.12 1.12 0.242 0.173 0.309 0.548 0.208 0.660 0.691 0.733 0.709 0.200 0.850 0.140 0.810 0.627 0.368 0.592 0.176
Pb 5.27 7.43 8.48 7.95 6.01 6.60 4.79 6.21 4.63 2.79 4.05 6.80 5.92 7.80 6.26 6.19 4.12 9.90 10.5 7.15 6.92 6.42 4.74 13.5
Th 1.85 1.79 1.92 1.48 1.66 1.62 1.73 2.84 1.81 2.86 4.30 2.18 3.37 3.15 3.07 3.26 2.46 3.44 2.60 1.94 1.59 2.31 2.93 2.86
U 0.727 0.691 1.17 1.32 1.00 1.59 1.10 1.32 1.43 1.56 1.37 0.900 1.53 1.19 1.15 1.35 1.25 1.27 1.42 0.81 0.640 0.860 1.01 1.38
Data with * are from Zhang et al. (2005). Mg# = Molecular Mg / (Mg + Fe).
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stability ﬁeld with garnet but with no plagioclase as a residual mineral
in the source (Martin, 1999). On the other hand, the slight concavity
of themiddle REE (Fig. 4a) indicates that amphibole probably remained
in the source region as a residualmineral (Gromet and Silver, 1987). On
a plot of Nb/Ta versus Zr/Sm (Fig. 9f), the Suoerkuduke adakitic rocks
mainly fall in the ﬁeld of amphibolite eclogite melting, thus suggesting
that the Suoerkuduke adakites were derived from the source containing
residual garnet and amphibolite.
(2) It is widely accepted that the southern Altay Range was an arc
setting in the Early Paleozoic. Previous studies have shown that,
at least from the Middle Cambrian, a Junggar ocean existed to
the north of the Junggar Plate and underwent the processes of
subduction, collision and accretion in the Paleozoic (Windley
et al., 2002; Xiao et al., 2009). This is supported by widespread
Middle Cambrian to Devonian ophiolites, arc volcanic rocks and
calc-alkaline granitoids in the southern Altay Range (Fig. 1b)
(Wang et al., 2006; Windley et al., 2002; Xiao et al., 2008; Yuan
et al., 2007; Zhang et al., 2009). In particular, newly found
Early-Silurian (439 ± 17 Ma) Alegedayi ophiolites in the north-
western area of the southern Altay Range (Wong et al., 2010)
are almost coeval with the ~440 Ma Suoerkuduke adakites. The
northward subduction polarity of the oceanic plates in the
Paleozoic is evidenced by the southward younging, southwest-
ward thrusting and southwestward migration of deformationin the southern Altay Range (Windley et al., 2002; Xiao et al.,
2009). Recent studies on U–Pb and Hf isotopic compositions of
detrital zircons from sedimentary and paragneiss rocks indicate
that the Chinese Altay was a Cambrian to Ordovician active
continental margin (Long et al., 2007; Sun et al., 2008).
However, some Suoerkuduke adakite samples have slightly higher
initial 87Sr/86Sr ratios and lower εNd(t) and Mg# values than those of
slab-derived adakites (Figs. 5c and 7a–b). As discussed herein, crustal
assimilation cannot adequately account for the geochemical character-
istics of the Suoerkuduke adakitic rocks. It is well documented that
subduction zone magmatism is mainly controlled by contributions from
the subducted maﬁc oceanic crust, the overlying subducted sediments,
and the mantle wedge (Chauvel et al., 2008; Defant and Drummond,
1990). Adakites are generally produced by the partial melting of the
subducted basaltic ocean crust, followed by the interaction between the
slab melts and the mantle (Martin et al., 2005; Stern and Kilian, 1996).
Alternatively, in addition to a subducted basaltic oceanic crust,
the subducted oceanic sediments overlying the oceanic crust may be
another potential source component. If the subducted maﬁc ocean
crust begins to melt, however, then subducted sediments must also
undergo partial melting (Chauvel et al., 2008; von Huene and Scholl,
1991). Plank (2005) suggests that Th/La can be used to clearly distin-
guish oceanic basalt (MORB and OIB) from the subduction sediments
and continental crust, as shown in Fig. 5d. In the Th/Nb–La/Nb plot
with constant lines of Th/La (Plank, 2005), the Suoerkuduke adakites
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242 X.-M. Shen et al. / Lithos 206–207 (2014) 234–251plot between lines of Th/La = 0.1 and 0.3, suggesting that their source
rock contained some subducted sediments. Sr–Nd isotope modeling
(Fig. 7d) suggests that ~3.0–8.0 wt.% subducted sediments may be
involved in the source of the Suoerkuduke adakites. This may also
explain the extremely high εHf(t) values (up to 17.5) of the zircons sep-
arated from the Suoerkuduke adakites because some oceanic sedimentsTable 2
Sr-Nd isotope data of the Suoerkuduke adakites, basaltic andesites and Nb-enriched basaltic ro
Sample Rb
(ppm)
Sr
(ppm)
87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i Sm
(ppm)
Nd
(pp
Nb-enriched basaltic rocks
08FY-01 16.4 690.2 0.0686 0.70483 0.000007 0.7044 13.43 62.1
08FY-02 5.77 829.2 0.0201 0.70465 0.000011 0.7045 12.70 61.5
08FY-03 17.2 726.0 0.0685 0.70475 0.000007 0.7043 13.49 65.0
A04-2# 22.0 694.6 0.0918 0.70444 0.000017 0.7039 14.44 69.0
A05-1# 26.5 684.5 0.1120 0.70452 0.000018 0.7038 14.04 68.1
Basaltic andesites
A01-1 2.67 2045 0.0038 0.70494 0.000014 0.7049 3.235 15.6
A01-2# 25.5 1813 0.0407 0.70499 0.000016 0.7047 3.987 19.1
A03-2* 18.8 1050 0.0518 0.70518 0.000016 0.7049 3.665 17.3
A06-3* 16.3 503.3 0.0935 0.70515 0.000017 0.7046 4.277 20.2
Adakites
08FY-05 27.0 579.9 0.1346 0.70578 0.000005 0.7049 3.716 17.7
A10-2* 13.4 720.3 0.0538 0.70508 0.000018 0.7047 3.507 16.7
Data with * are from Zhang et al. (2005); data with # are from Niu et al. (2006). All data are re
fSm/Nd = [(147Sm/144Nd)sample / (147Sm/144Nd)CHUR] − 1, TDM = 1 / λSmln{[(143Nd/144Nd)sampl
0.1967, (143Nd/144Nd)DM = 0.513151, (147Sm/144Nd)DM = 0.21357, λSm = 6.54 × 10−6.(e.g., terrigenous and hydrogenetic clay) commonly exhibit anomalous
radiogenic Hf (Vervoort et al., 1999) and partial melting of the
subducted oceanic crust with overlying sediments may also result
in anomalously high εHf(t) values relative to the whole-rocks
εNd(t) values of the resulting melts (i.e., adakitic magmas (e.g., Jiang
et al., 2012))cks in the southern Altay Range.
m)
147Sm/144Nd 143Nd/144Nd 2σ fSm/Nd (143Nd/144Nd)i εNd(t) TDM
8 0.1306 0.51283 0.000006 −0.34 0.512456 7.5 586
3 0.1248 0.51286 0.000008 −0.37 0.512502 8.4 498
6 0.1254 0.51283 0.000006 −0.36 0.512472 7.8 549
7 0.1264 0.51271 0.000009 −0.36 0.512349 5.4 766
0 0.1246 0.51273 0.000008 −0.37 0.512370 5.8 723
4 0.1251 0.51266 0.000009 −0.36 0.512296 4.4 851
1 0.1261 0.51268 0.000011 −0.36 0.512319 4.8 816
7 0.1276 0.51268 0.000011 −0.35 0.512309 4.6 841
0 0.1280 0.51262 0.000010 −0.35 0.512255 3.6 939
9 0.1263 0.51277 0.000008 −0.36 0.512403 6.5 671
6 0.1265 0.51264 0.000009 −0.36 0.512279 4.1 888
calculate with t = 440 Ma.
e − (143Nd/144Nd)DM] / [(147Sm/144Nd)sample − (147Sm/144Nd)DM]}, (147Sm/144Nd)CHUR =
(a) (b)
(c) (d)
Fig. 7. (a) εNd (t) versus (87Sr/86Sr)i and intrusive age (b) diagrams. The ﬁelds of MORB and enriched-mantle member (EMI and EMII) are from Hart (1988). Cenozoic subducting oceanic
crust-derived adakites are from Aguillón-Robles et al. (2001), Defant et al. (1992), Kay et al. (1993) and Stern and Kilian (1996). Data for the granitoids from the southern Altay Range are
fromWang et al. (2009), Yuan et al. (2007), and references therein. Theﬁelds of the Proterozoic and Archean crust inNorth Xinjiang are fromHu et al. (2000). Data for basalts in the Kuerti
ophiolites are from Xu et al. (2003). Data for basalts in the Aermantai ophiolites are fromWang et al. (2003). The Nd–Sr isotopic data of basalts in the Kuerti ophiolites and Aermantai
ophiolites are recalculated with 380 Ma and 503 Ma, respectively. (c) εHf (t) versus intrusive age diagram. The data for granitoids, gneisses and clastic rocks in the southern Altay
Range are from Long et al. (2007) and Sun et al. (2008, 2009), respectively. (d) Simple mixing modeling results of altered oceanic crust and overlying sediments for the studied adakitic
rocks. Data for global subducting sediment (GLOSS) are from Plank (2005). AOC = basalt in the Kuerti ophiolite (Xu et al., 2003); Sr = 200 ppm, (87Sr/86Sr)i = 0.7035; Nd = 10 ppm,
εNd (t) = 8.3. Symbols are the same as in Fig. 3.
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A few basaltic andesite samples have high Mg# (up to 58) (Fig. 5b
and c) and Sr/Y (up to 117) values (Fig. 5a), which may be generated
by two models: the partial melting of the slab melt-modiﬁed mantle
wedge and the hybridization of adakite liquids with mantle peridotite
(Escuder Viruete et al., 2007; Martin et al., 2005; Wang et al., 2008;
Yogodzinski et al., 1995). The basaltic andesites differ from peridotitic
mantle wedge-derived magmas because of their high Cr/Ni and low
K/Rb ratios and low Sr and Ti concentrations (Appendix 4), which pre-
cluded an origin from the slab melt-modiﬁed mantle wedge (Martin
et al., 2005;Wang et al., 2007b). Alternatively, the continuous geochem-
ical composition (e.g., Fig. 3 and Appendix 4), the unity of Nd–Sr and
zircon Lu–Hf isotopic compositions (Fig. 7) and the temporal and spatial
association between basaltic andesites and adakites strongly suggest
the adakitic afﬁnity of the basaltic andesites. Accordingly, the hybridiza-
tion model seems plausible. This hybridized process may signiﬁcantly
modify SiO2, MgO, Cr and Ni contents without changing the slab–
melt signature as recorded by other trace elements (e.g., REE, Sr,
and Y) (Rapp et al., 1999). In this scenario, basaltic andesites
likely formed due to the progressive hybridization of adakite liquids
with metasomatized peridotite (e.g., Polat and Kerrich, 2002;
Rapp et al., 1999), thus possibly accounting for their geochemicalcharacteristics (high MgO, Cr and Ni contents, low Yb and pronounced
negative Nb and Ti anomalies) (Escuder Viruete et al., 2007;
Yogodzinski et al., 1995). These reaction processes are evidenced by
the compositional continuity from the tholeiitic basalts or MORB
through the basaltic andesites and to the end member adakites in the
variation diagrams (Fig. 8), as well as the Sr/Y versus Y and Mg# versus
SiO2 plots.
4.1.3. Nb-enriched basaltic rocks
Minor xenolithic zircons and low εHf(t) (+0.71– + 2.2) values of
some ~440 Ma zircon grains in the NEBs indicate that their magmas
may have undergone crustal contamination. However, we suggest that
such contamination did not play a signiﬁcant role in the petrogenesis
of the Suoerkuduke NEBs. As shown in the Th/Nb–La/Nb plot with
constant lines of Th/La (Fig. 5d), all of the Suoerkuduke NEB samples
display a Th/La b0.1 and plot in the MORB ﬁeld, indicating negligible
crustal contamination (Plank, 2005). The lack of correlation between
εNd(t) versus Th/Nb ratios for the NEB samples (Fig. 9c) is also inconsis-
tentwith extensive crustal contamination (Puchtel et al., 1997). As such,
the crustal contamination cannot adequately account for the geochem-
ical characteristics of the Suoerkuduke NEBs. The lack of signiﬁcant con-
tamination, however, may be reconciled by the presence of inherited
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244 X.-M. Shen et al. / Lithos 206–207 (2014) 234–251zircons in the NEBs if the xenolithic crystals were concentrated in some
sedimentary rocks (e.g., sandstones) prior to their entrainment in the
maﬁc magmas (Wang et al., 2008). A minor assimilation of thesesedimentary rocks could then contribute a disproportionately large
number of zircons with negligible effects on the major element compo-
sitions of the NEBmagmas (Wang et al., 2008). Suchminor assimilation
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tracing of the speciﬁc source contributing to the origin ofmagmas (Yang
et al., 2006).
The composition of the mantle source and degree of partial melting
that produced the parental magmas of the Suoerkuduke NEBs can be
determined using REE modeling (D'Orazio et al., 2001). Because Yb is
compatible in garnet, whereas La and Sm are incompatible (Johnson,
1994), La/Sm and Sm/Ybwill be strongly fractionatedwhen themelting
degree is low for various proportions of clinopyroxene and garnet left in
the residue (D'Orazio et al., 2001; Johnson, 1994) (Fig. 10). In contrast,
Sm and Yb have similar partition coefﬁcients during the partial melting
of a spinel lherzolite mantle source. Thus, the Sm/Yb ratio is nearlyunfractionated during the melting in the spinel stability ﬁled, whereas
the La/Sm ratios decrease (Aldanmaz et al., 2000). In the Sm/YbPM–La/
SmPM diagram (Fig. 10), the Suoerkuduke NEB samples plot in the
ﬁeld between the melting trends of Cpx:Grt = 6:1 and Cpx:Grt = 5:2
in the source, thus suggesting that variable degrees (2–3%) of batch
melting of a hypothetical mantle source with a small amount of garnet
can generate the La/Yb–Sm/Yb systematics of the Suoerkuduke NEBs.
Accordingly, it can be inferred that the Suoerkuduke NEBs were gener-
ated at a relatively shallow depth, that is, primarily within the depth of
the spinel to garnet transition (Fig. 10) (D'Orazio et al., 2001).
Two alternative mantle sources have been proposed to account for
the distinctive geochemical characteristics of NEBs: (1) an OIB-type
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Fig. 10. Sm/YbPM versus La/SmPM modeling diagram for the Suoerkuduke NEBs. Batch
melting trends for various clinopyroxene/garnet ratios in the residue and ﬁelds of the
basaltic rocks from southernmost South America are from D'Orazio et al. (2001). Symbols
are the same as in Fig. 3.
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2008; Macpherson et al., 2010; Petrone and Ferrari, 2008); (2) amantle
wedge that was metasomatized by slab-derived adakitic magmas
(Aguillón-Robles et al., 2001; Benoit et al., 2002; Defant et al., 1992;
Escuder Viruete et al., 2007; Hastie et al., 2011; Kepezhinskas et al.,
1996; Maury et al., 2009; Pallares et al., 2007; Sajona et al., 1993, 1996;
Wang et al., 2007b, 2008). We consider that the latter mechanism likely
played an important role in the petrogenesis of the Suoerkuduke NEBs.
Generally, the NEBs derived from the source containing an OIB-type
mantle or enriched mantle component exhibit the enrichment in the
HFSE with weakly negative or even positive Nb anomalies (Castillo
et al., 2007). In contrast, the Suoerkuduke NEBs exhibit a moderate
depletion of Nb, Ta and Ti in the primitive mantle normalized trace ele-
ment diagrams, which is signiﬁcantly different from that of the average
OIB (Fig. 4d). Sajona et al. (1996) utilized a mantle-normalized plot of
Nb/La versus La/Yb to distinguish Mindanao NEBs from within-plate
basalts. The Suoerkuduke NEBs have lower Nb/LaPM values than those
of the Mindanao NEBs and the Marquesas Island OIB but overlap with
theminimumNb/LaPM values of the CA (calc-alkaline) NEBs, suggesting
that their source is quite distinct from that of the OIB-type mantle.
Alternatively, we suggest that the Suoerkuduke NEBs are possibly de-
rived from the mantle wedge metasomatized by slab-derived adakitic
magmas based on the following evidence. (1) The Suoerkuduke NEBs
are closely associated with contemporaneous slab-derived adakites
(Fig. 2). Similar suites have been reported in Mindanao of the
Philippines, Baja California of Mexico, the Central American arc
(e.g., Panama) (Aguillón-Robles et al., 2001; Defant et al., 1992; Pallares
et al., 2007; Sajona et al., 1996), Alataw in the Tianshan area (Northern
Xinjiang) (Wang et al., 2007b), northern Qiangtang of central Tibet
(Wang et al., 2008), and the Archean greenstone belts (e.g., Polat and
Kerrich, 2001). Such a close spatial and temporal association implies
petrogenetic relationships between NEBs and associated adakites
(e.g., Maury et al., 2009). (2) Although the SuoerkudukeNEBs have signif-
icantly higher HREE contents than those of the associated adakites, they
exhibit similar LILE patterns in the primitive mantle normalized diagram,
e.g., negative Rb and Th but prominent positive Ba and U anomalies
(Fig. 4b and d). Moreover, the NEBs and adakites display continuous
trends on the Nb/U versus Nb and Nb/LaPM versus La/YbPM plots (Fig. 6b
and d), thus suggesting a possible petrogenetic link between them. Col-
lectively, based on the temporal, spatial, and geochemical relationship of
the Suoerkuduke NEBs and adakites, we conclude that the NEBs are
most probably derived from mantle wedge peridotites metasomatized
by the Suoerkuduke adakitic magmas during the ascent of magma.
In particular, direct evidence for the metasomatism of the mantle
wedge by oceanic crust-derived adakites has been found elsewhere.For example, Schiano et al. (1995) discovered pure adakitic glass inclu-
sions in olivine crystals in mantle peridotite nodules from Batan Island
and interpreted the inclusions as evidence of slabmelt–peridotite inter-
actions. Similarly, rare adakite-metasomatized arc-mantle xenoliths
have been identiﬁed in the Kamchatka arc, where these rocks are also
associated with adakites, and they are interpreted as the source of
NEBs (Kepezhinskas et al., 1995, 1996). Moreover, these metasomatic
amphiboles frommantle xenoliths display relatively high content levels
of K, Sr, sometimes Ba, LREE and HFSE, but very low levels of Rb and Th
(Chazot et al., 1996; Ionov and Hofmann, 1995), which is consistent
with the geochemical characteristics exhibited by the Suoerkuduke
NEBs (Figs. 3b and 4c–d). Furthermore, the mineral phases in the xeno-
liths (e.g., amphibolites and garnet-bearing pyroxenites) are remark-
ably similar to those phases obtained during experimental runs when
felsic melts are reacted with ultramaﬁc material representative of the
arc mantle (Prouteau et al., 2001; Rapp et al., 1999). Additionally, the
high-Nb contents of the Baja California amphibolite are also consistent
with an origin of NEBs due to the melting of an amphibole-rich mantle
metasomatized by slab melts (Pallares et al., 2007).
4.2. Geodynamic implications
Any proposed geodynamic model must explain the following char-
acteristics of the Suoerkuduke adakite–basaltic andesite–NEB suites:
(1) their simultaneous eruptions; (2) the coeval Alegedayi ophiolites
with remarkably diverse compositions of mid-ocean ridge basalt
(MORB), island arc basalt (IAB) and oceanic island basalt (OIB) (Wong
et al., 2010); and (3) the temporal coincidencewith a number of geologic
events (voluminous granitoids, rapid erosion, formation of intra-arc
basins and geochemical change) in the southern Altay Range. At least
two competing environments can be envisaged: (1) the subduction of
a young, hot oceanic slab (Defant et al., 1992; Kepezhinskas et al.,
1996; Sajona et al., 1993, 1996; Wang et al., 2007b, 2008) and (2) slab
tearing (Benoit et al., 2002; Calmus et al., 2003; Guivel et al., 2006;
Pallares et al., 2007).
Modern adakite–basaltic andesite–NEB suites are commonly associ-
ated with the subduction of young (≤20–30 Ma), hot oceanic slabs
(Defant et al., 1992; Kepezhinskas et al., 1996; Sajona et al., 1993,
1996). However, some of the geochemical characteristics of the
SuoerkudukeNEBs differ from those ofNEBs generated in this subduction
setting, e.g., extremely high TiO2, Zr and LREE contents. Rather, these fea-
tures of the Suoerkuduke NEBs are similar to those of basalts and basaltic
andesites generated above the slab window as a result of slab tearing
(Calmus et al., 2003). Based on several lines of evidence (discussed in
the following sections) we suggest that slab tearing during the Siluri-
an–Devonian was most likely responsible for the formation of the
Suoerkuduke adakite–basaltic andesite–NEB suites and the occurrence
of subsequent geological events in the southern Altay Range (Fig. 11a).
4.2.1. Lithosphere mantle–asthenosphere interaction
Wong et al. (2010) recently discovered a new Early Silurian (439 ±
17 Ma) ophiolitic complex in the Alegedayi area of the northwestern
part of the southern Altay Range (Fig. 1b). Identiﬁed in this ophiolite
are three distinct basalt groups that exhibit MORB, IAB and OIB geo-
chemical afﬁnity. These basalts are considered to have been generated
by the interaction between an asthenospheric source and a subduction
zone (Wong et al., 2010). In this study, we propose that the Alegedayi
ophiolite and the Suoerkuduke adakite–basaltic andesite–NEB suites
may have formed in the same tectonic setting, i.e., the slabwindow trig-
gered by slab tearing. The MORB and OIB may have been produced by
the decompressional melting of the upwelling heterogeneous astheno-
sphere through the slab window, and the IABmay have been generated
by various proportions of blending between the sub-slab asthenosphere
derivedmelts and supra-slabmantlewedge derivedmelts. These chem-
ically distinctive basalts are similar to those generated by a slabwindow
inmany parts of theworld, as documented in southern Alaska (Cole and
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247X.-M. Shen et al. / Lithos 206–207 (2014) 234–251Stewart, 2009), Baja California, Mexico (Benoit et al., 2002; Pallares
et al., 2007), Central America (Abratis and Worner, 2001), and western
Junggar (Tang et al., 2012).
4.2.2. Voluminous Silurian–Devonian granitoids
Granitoids crop out widely in the southern Altay Range where
exposures make up more than 40% of the region (Wang et al., 2009).
Precise zircon dating indicates that these granitoids were mainly
emplaced during two episodes, 350–430 and 260–320 Ma (Fig. 11b).
It is noted that the Silurian–Devonian (350–430 Ma) granitoids are
mostly distributed in Blocks A, NWA, CA, and QA (Fig. 1b) and have
positive εNd(t) values, thereby implying a massive underplating of
basaltic magma and a partial melting of juvenile lower crustal rocks
(Cai et al., 2011c; Jahn et al., 2000; Wang et al., 2006, 2009; Yuan
et al., 2007). These granitoids were emplaced slightly later than the
eruption of Suoerkuduke adakite–basaltic andesite–NEB suites, a phe-
nomenon that could well be explained by the slab tearing model. After
the slab window formed, in addition to material contribution, the
upwelling sub-slab asthenosphere also provided thermal energy to
melt the juvenile crust and thus generate the southern Altay Range
Silurian–Devonian granitoids (Cai et al., 2011c; Sun et al., 2009).
4.2.3. Rapid erosion
The Habahe Group, which is the oldest and most widely distributed
sedimentary sequence in the southern Altay Range, consists of an
extremely thick sequence (N7000 m) of slate, phyllite and schist
(BGMRX, 1993). The detrital zircon ages of the Early Paleozoic sedimen-
tary rocks (i.e., the Habahe Group) and paragneisses (Long et al., 2007;
Sun et al., 2008) distributed in the whole southern Altay Range reveal
that the maximum depositional age of these rocks is ~440 Ma and
that the spreading sedimentary rocks were deposited after that time
(Appendix 8). The erupted age of the Suoerkuduke adakite–basalticandesite–NEB suites is roughly the same as the maximum depositional
age of the Early Paleozoic sedimentary rocks and paragneisses in the
southern Altay Range (Appendix 8). This suggests that the slab window
was opened as a consequence of slab tearing beneath the southern Altay
Range and that it resulted in a period of rapid erosion following the
tectonic uplift (Guivel et al., 2006).
4.2.4. Formation of intra-arc basins
Four Early-Paleozoic volcano-sedimentary basins are located in Block
QA. They are, from northwest to southeast, named Ashele, Chonghuer,
Kelang andMaizi basins (Fig. 1b). The Kangbutiebao Formation consists
of intercalated volcanic and sedimentary rocks that are mainly outcrops
in the Maizi, Kelang, and Chonghuer basins (Chai et al., 2009). The
metarhyolites and crystal tuff from this formation yield zircon SHRIMP
U–Pb ages of 407 ± 4–413 ± 4 Ma (Chai et al., 2009) and 436 ± 4 Ma
(Zeng et al., 2007), respectively. Moreover, the granitic plutons intruded
in the Kangbutiebao Formation yield zircon SHRIMP U–Pb ages of 400±
6–413± 4Ma (Zeng et al., 2007). These precise zircon ages suggest that
the Kangbutiebao Formation was deposited in the Late Silurian and that
the volcano-sedimentary basins in Block QA were formed earlier than
this formation (Zeng et al., 2007). Moreover, bimodal volcanic rocks
were also created in these basins (Zhou et al., 2007). Thus, we can con-
clude that when slab tearing occurred in the Early Silurian, the uplift of
the hot asthenosphere through the slab window caused the rifting of
the overriding plate and then triggered the formation of a series of
intra-arc basins (e.g., Gulick and Meltzer, 2002).
4.2.5. Geochemical difference between pre-440 Ma and post-440 Ma
As illustrated in Fig. 7c, there is a clear change in the εHf(t) values of
zircon frombothpositive and negative to only positive around ~440Ma.
This means that both ancient and juvenile materials existed in the
magma source prior to ~440 Ma, but that juvenile material became
dominant in the source after ~440 Ma. Such a temporal variation in
magma compositions and possibly in magma source can be correlated
to the tectonic event in this region (Cai et al., 2011a,c; Sun et al.,
2009), that is, probably the opening of an asthenospheric window
beneath this region. This study of the Suoerkuduke adakite–basaltic
andesites–NEB associations indicates that the slab tearing could have
been initiated in the Early Silurian (~440 Ma), which is earlier than
the ~420 Ma proposed by Sun et al. (2009).
4.3. Implications for crustal growth in the CAOB
Sengör et al. (1993) suggest that the CAOB grew by 5.3 million
square kilometers during the Paleozoic, with nearly half of this growth
beingderived from themantle by subduction accretion and arc collision.
Nevertheless, many other investigations of the intrusions of Late
Paleozoic voluminous granitoids into the southern Altay Range have
suggested that they were related to massive basalt underplating in a
post-collisional or an intraplate extensional setting (Chen and Jahn,
2004; Han et al., 1997; Jahn et al., 2000). With regard to the Cambrian–
Devonian granitoids and volcanic rocks in the southern Altay Range,
many researchers argued that they were predominantly the result of
lateral subduction accretion (Wang et al., 2006, 2009; Yuan et al.,
2007; Zhang et al., 2009).
We suggest that the slab tearing and slab window formation played
an important role in the crustal growth of CAOB. Fig. 12 illustrates the
most plausible geodynamic scenario: (1) Cambrian–Ordovician (540–
450 Ma). Normal subduction produced arc magmatic rocks (with
minor granitoids) along the active continental margin of the southern
Altay Range (Fig. 12a). (2) Early Silurian (~440 Ma). Slab window
formation following slab tearing caused the formation of adakites,
basaltic andesites and NEBs due to partial melting of slab edges and
the slab melt-metasomatized mantle wedge, respectively. Some of the
sub-slab asthenospheric mantle passed through the slab window and
interacted with the supra-slab mantle wedge to varying degrees to
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Fig. 12. Schematic diagrams show the tectonic evolution of the southern Altay Range in the Early Paleozoic. (a) Cambrian to Ordovician (540–450Ma) stage. (b) Early Silurian (~440Ma)
stage. (c) Silurian to Early Devonian (430–400 Ma) stage.
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This period was also marked by the cessation of the southern Altay
Range arc magmatism, rapid erosion and peneplanation (Fig. 12b).
(3) Silurian to Early Devonian (430–400 Ma). The detachment of a
Paleo-AsianOcean slab followed extensive convectivemantle upwellingbeneath the southern Altay Range. The upwelling asthenosphere pro-
vided the source of parental magmas or the heat for the generation of
maﬁc–ultramaﬁc rocks and voluminous granitoids. Crust grew during
slab tearing due to the partial melting of the maﬁc lower crust by the
underplating of basaltic magmas or the direct melting of the mantle to
249X.-M. Shen et al. / Lithos 206–207 (2014) 234–251produce granitoids and diverse basalts, respectively. These events were
triggered by the upwelling of the asthenospheric mantle in a slab
tearing setting (Fig. 12c).
The slab tearing model suggests that the vertical accretion likely
played an important role during the processes of lateral subduction
accretion. Although our study was conﬁned to a relatively small area
in the central part of the CAOB (Fig. 1), we suggest that it was common
during the formation of the entire belt and similar to the cases
documented in Baja California (Pallares et al., 2007) and Patagonia in
southernmost region of South America (Guivel et al., 2006). If so, then
in addition to the contributions made by accretion of subduction and
arc complexes (Sengör et al., 1993) and post-collisional crustal melting
(Jahn et al., 2004), slab tearing likely also contributed signiﬁcantly to the
crustal growth in the CAOB.
5. Conclusions
Rather than the Early Devonian, as previously suggested, the
Suoerkuduke adakites, basaltic andesites and NEBs were erupted at
~440 Ma. The Suoerkuduke adakites were derived by partial melting
of the subducting Paleo-Asian Ocean crust, while the basaltic andesites
resulted from the interaction between adakitic magmas and arc mantle
wedge peridotite. The associated NEBs originated from the metasoma-
tism of the mantle wedge by adakites and minor slab-derived ﬂuids. A
slab tearing model could account for the formation of the Suoerkuduke
adakite–basaltic andesite–NEB suites, coeval Alegedayi ophiolites with
diverse compositions (OIB, IAB andMORB) and a sequence of geological
events (e.g., the generation of the voluminous granitoids) that occurred
in the southern Altay Range in the Silurian–Devonian. This is similar to
the cases documented in Baja California of Mexico (Benoit et al., 2002;
Pallares et al., 2007) and Patagonia in the southernmost region of
South America (Guivel et al., 2006). The slab tearing model suggests
that the vertical accretion probably played an important role during
the processes of lateral subduction accretion as slab tearing could
exert important tectonic control in the crustal accretionary history of
the CAOB.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.07.024.
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